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Abstract
The relativistic magnetron with diffraction output (MDO) is one of the most efficient
microwave sources for sub-100 ns pulses. For pulsewidths greater than 100 ns, the
microwave production stops due to anode-cathode (A − K) gap closure. In the presence of a solid cathode, the anode and cathode plasmas expand towards each other,
shorting the gap. A research team at The Technion Israel Institute of Technology
proposed to replace a solid cathode with a split cathode in a magnetron with radial
extraction to mitigate gap closure and maximize microwave production from a long
pulse generator. Such a cathode geometry comprises an emitter (which injects the
beam from outside the magnetron interaction region) and a reflector (downstream
of the magnetron interaction region) at the same potential as the emitter.
This dissertation describes the problem and provides a detailed analysis of the
split cathode behavior in a relativistic MDO.
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Chapter 1
Introduction
1.1

High Power Microwaves overview

Microwave technology has made meaningful impact on the world and as human
society progresses, scientists and engineers found use for microwaves across nearly
the entire frequency spectrum. At low power, we learned how to use microwaves
for transferring information (communications - a few milliWatts to tens of Watts).
Higher powers (about one kilowatt) allow us to warm and cook meals in minutes.
High Power Microwaves (HPM) (usually powers greater than 100 MW) are used in
national security and defense applications, such as RADAR systems and directed
energy weapons [1]. HPM weapons are a type of directed energy technology that is
capable of generating extremely high electric fields and focus them on targets located
at a distance.

(a)

(b)

Figure 1.1: Electric discharge damage on a microcontroller (a) [2] and permanent
damage of input transistor (b) [3].

1
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Many military activities heavily rely on electronic devices that are critical for
fast decision making. Microprocessors, microcontrollers, various timers, and other
semiconductor devices are highly susceptible to pulsed intense electric fields. The
electric field causes discharges between the conducting lines of the microchip and,
because of their size and proximity of connections to each other, these lines may
get damaged. The damage caused to even a few transistors in semiconductor chips
can disrupt the operation of the entire circuit using the chip. An example of such
damage is shown in Figure 1.1. Microwaves from HPM weapons can be generated
using different sources, but one of the most widely used device is the relativistic
magnetron, both the traditional relativistic magnetron with radial output (MRO)
and the relativistic magnetron with diffraction output (MDO).

1.2

Historical overview of relativistic magnetrons

In 1921, American physicist Albert W. Hull introduced an early concept of a switch
controlled by a magnetic field [4]. Hull’s magnetron can be viewed as an electric
valve that uses a magnetic field to switch the anode current, as shown in Figure
1.2. The cathode is heated up to generate electrons via thermionic emission. A high
voltage is than applied between the anode and the cathode to create a radial electric
field. Under the influence of the electric field, electrons are accelerated towards the
anode. For a very low or zero magnetic field, Hull’s magnetron conducted current
as electrons went straight from the cathode to the anode. If the magnetic field is
⃗ ×B
⃗ drift azimuthally within the anode-cathode
sufficiently strong, then electrons E
(A − K) gap and the switch is open. The critical magnetic field, termed the Hull
cutoff, is when the electrons are tangential to the anode surface (to be discussed in
more detail in Chapter 2).

2
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Figure 1.2: Conceptual operation of Hull’s magnetron [5].

The early magnetron represented a vacuum tube with a tungsten filament for a
cathode surrounded by a solid or meshed anode section as shown in Figure 1.3.

Figure 1.3: 3D CAD model of the original Hull magnetron [5].

3
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The potential between the cathode and the anode produced an electric field and
an external magnetic field was applied. The perpendicular electric and magnetic
fields produce an electron drift in the direction perpendicular to both fields. Such
drifts are called cross-field drifts, and for that reason the magnetron is called a crossfield device. Axial symmetry of the device is critical for the azimuthal drift velocity
of electrons in cylindrical geometry [4].

It should be noted that Hull’s original magnetron was not invented as a microwave
source. Rather, it is a magnetically-controlled switch, hence the name magnetron.
It was only a few years later that other researchers noted microwave generation
and the magnetron was exploited and improved as a vacuum electron device (VED)
microwave source [5].

The full historical evolution [5] from a conventional magnetron to a relativistic
version with many more optimizations and improvements is shown in Figure 1.4. The
demand for technology capable of generating ultra-short waves was not in demand
before the 1920s. With advances in aviation, radio-based detection became popular
in the most advanced countries in the world. Besides the United States, the Soviet
Union, France, Germany, and the United Kingdom also developed sources for early
RADAR systems. World War II heavily influenced magnetron research, and every
country described above had similar technologies as a part of their defense. Soon
enough, conventional magnetrons had advanced to produce the maximum power for
its class (on the order of 10 kW [6]). The drive for higher output power led the
scientific community towards the development of cavity magnetrons which are used
to this day.

4
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Figure 1.4: Timeline of the historical evolution of the relativistic magnetron beginning with Hull’s magnetron [5].

1.3

Advancements in relativistic magnetrons and
the current problem

Many advancements to cavity magnetrons have been made over the years: modern
relativistic magnetrons can operate with output powers of several gigawatts. New

5
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cathodes were developed to drastically decrease the time between the start of electron
modulation and microwave generation. Even strategies for frequency tuning were
developed. Not all problems have been solved, however. The new generation of
pulsed power systems is capable of delivering long voltage pulses with a fast risetime
and high repetition rate. However, relativistic magnetrons utilizing solid cathodes
experience pulse shortening because of impedance collapse due to the A − K gap
shorting. One of the proposed solutions to this problem is to remove the solid
cathode from the interaction space and inject the electron beam into a potential well
from outside the magnetron interaction region. Such a cathode arrangement is called
a split cathode where a cathode is external to the magnetron interaction region and a
small radius conducting rod connects it to a metal reflector which is located outside
the magnetron interaction region downstream of the device. The research described
in this dissertation presents a detailed study of the split cathode in an MDO using
simulations and preliminary experiments at the University of New Mexico (UNM).

1.4

Summary

This dissertation presents a solution to the following question: How can A − K gap
closure be mitigated in a relativistic magnetron? The dissertation is structured in five
chapters: 1) Introduction to the problem, 2) Theoretical analysis, 3) Computational
simulations, 4) Experimental results, and 5) Conclusions and future work.
Chapter 1 - Briefly introduces the problem and gives an introductory overview of
the historical advancements in magnetron development.
Chapter 2 - Describes more detailed theoretical principles of magnetron operation,
electron emission processes, the A − K gap closure problem, solutions that were
attempted previously. Finally, a solution to the problem is proposed and described,
which will be the focus of the remainder of the dissertation.
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Chapter 3 - Presents simulation results for the relativistic magnetron operating
with a solid cathode and in great detail describes the beam dynamics of the injected
beam, squeezed state of the beam, and the split cathode behavior. After a series
of parameter sweeps, the implemented split cathode geometry is introduced and
described.
Chapter 4 - Presents a description of the experimental hardware at UNM, as well as
the machined and anodized split cathode. UNM results are presented and compared
to the results from independent experiments performed by collaborators at the Naval
Surface Warfare Center (NSWC) and at The Technion - Israel Institute of Technology.
Chapter 5 - Summarizes the conclusions and suggests future work.
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Theoretical Analysis
2.1

Relativistic magnetron introduction

The first relativistic magnetron was developed by Bekefi and Orzechowski in 1976 [7,
8] and is shown in Figure 2.1. The development of the relativistic magnetron was an
important milestone for HPM scientists to achieve [5]. Since 1976, the original Bekefi
magnetron design was improved to increase the maximum power production and
increase the electronic (beam-to-microwave conversion) efficiency. The main working
principle of the magnetron can be described by answering two questions: 1) How does
the beam interact with the slow wave structure (SWS) to produce microwaves? 2)
And, how can the synchronization process be controlled? This chapter will describe
the basic principles of relativistic magnetron operation, focusing on the magnetron’s
limitations and proposing a potential solution.

Figure 2.1: Front and section views of the first Bekefi relativistic magnetron [8].
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2.1.1

Geometry overview

A schematic of the A6 magnetron is shown in Figure 2.1 and comprises a smooth
circular tube with anode blocks installed symmetrically around the axis [8]. A cylindrical coordinate system is used to describe the magnetron, where r̂, θ̂, and ẑ are
the coordinates in the radial, azimuthal, and axial directions, respectively. A simplified model can describe the interaction space of the magnetron with the following
geometrical parameters: rc - cathode radius, rv - vane radius, ra - anode radius, N number of cavities, Lab - axial length of the anode block, α - the sector angle of the
cavity opening, and β - the sector angle of the anode block span [9]. All the values
for the geometric parameters are summarized in Table 2.1.

Table 2.1: Geometrical parameters of the A6 magnetron.
rc
1.58 cm

2.1.2

rv
4.11 cm

ra
2.11 cm

Lab
7.2 cm

α
20◦

β
40◦

Electron drift velocity

The first step in understanding the behavior of the electron beam (sheath) in the
magnetron is to derive its equation of motion. The cathode and the anode are at
different potentials during magnetron operation, creating a radial electric field [9,
10]. If a charged particle is placed in such a radial electric field, it will be accelerated
along the field line, directly shorting the A − K gap and the resultant current is
known as the anode current. In order to minimize the anode current, an external
magnetic field is applied along the magnetron’s axial direction.
Once a high voltage pulse is applied to the relativistic magnetron’s A − K gap, a
plasma is formed on the cold cathode surface through the explosive emission process
[9] and the electron beam is extracted from this plasma. The Lorentz force governs
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the nonrelativistic electron plasma motion and, under the influence of electric and
magnetic fields, it starts to drift as
d⃗v
⃗ + ⃗v × B).
⃗
F⃗ = m = q(E
dt

(2.1)

The total solution to the electron drift velocity has two parts: an homogeneous
solution and a particular solution. A particular solution requires specific information
about the fields and cannot be solved for the general case, but the homogeneous case
gives a solution when the average force on the particles in plasma is zero

⃗ + ⃗v × B.
⃗
0=E

(2.2)

If Equation 2.2 is solved for the electron drift velocity the following expression is
then obtained
⃗vdrif t =

⃗ ×B
⃗
E
.
|B|2

(2.3)

Figure 2.2 illustrates the direction of all the components that contribute to the
electron drift based on the right-hand-rule: blue arrows - the direction of the magnetic
field, red arrows - the direction of the electric field, and the green arrow shows the
direction of the electron drift. It should be noted that the electric and magnetic
fields are perpendicular, making the magnetron a crossed-field device.
Based on the cross-field nature, the generalized Equation 2.3 can be rewritten for
the cylindrical geometry of the magnetron as
vθ =

Er
.
Bz

(2.4)

This demonstrates that the drift velocity can be controlled by the axial magnetic
field or the radial electric field, which is directly related to the applied voltage.
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Figure 2.2: An A6 magnetron with fields: red arrows shows the direction of the
electric field, blue arrows show the direction of the magnetic field, green arrow shows
the trajectory of the electron drift.

2.1.3

Hull cutoff

The electron drift velocity is directly related to the applied electric and magnetic
fields. Therefore, the next step is to find the minimum magnetic field that is required
to insulate the magnetron as a function of the applied voltage. As discussed in Section
1.2, Albert Hull found an answer to this question, and in his honor, the minimum
magnetic field that would allow electrons to be insulated from the anode is called
the Hull cutoff [11] (also known as the Hull criterion) and defined by Equation 2.5

BHull =

me c p 2
γ − 1,
ede

(2.5)

where me and e are the rest mass and charge of electrons, respectively, c is the speed
of light, γ and de are the relativistic and the geometry parameters defined by
γ = (1 +

eV
);
me c2

de =

ra2 − rc2
.
2ra

(2.6)
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The Hull cutoff is one of the main parameters that must be taken into account
for designing a magnetron, whether conventional or relativistic. However, for a
magnetron to produce microwaves, a synchronization condition has to be met.

2.2

Synchronization principles

The next step in understanding microwave generation in a magnetron is to understand how the drifting electrons transfer their kinetic energy to the energy of a
growing electromagnetic wave. The electron beam drifting azimuthally around the
cathode creates a rotating negative space charge distribution in the interaction region. That rotating space charge distribution induces an image charge on the surface
of the anode that moves along the perimeter of the anode, incuding within the cavities. The image charge on the surface of the anode has the form Eθ = ekθ−ωt with
phase velocity faster than the speed of light. To transfer energy from the beam to
the wave, the phase velocity vp of the wave has to be matched to the group velocity
vg of the beam [9],

vp =

ω
Er
ω
→ vp ≈ |vg | →
≈ .
k
Bz
k

(2.7)

The beam group velocity cannot exceed the speed of light; therefore, to satisfy the
synchronism condition, the wave’s phase velocity has to be reduced by increasing the
image charge’s travel path. Hence, the anode cavity structure behaves as an SWS.
[6].

2.2.1

Magnetron modes and dispersion relation

The SWS can be viewed in 2D as simple azimuthal corrugations that create electric
boundary conditions. This means that only an integer number of half wavelengths
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can fit in such an electrical boundary. The azimuthally traveling wave finds standing
wave configurations that are optimal for generating microwaves. Such field configurations are called operating modes [12, 13]. Theoretically, an infinite number of
these resonant modes can exist in the magnetron, but higher frequency modes are
impractical. The nature of the mode formed is based on Equation 2.8, where nλ is
the integer number of azimuthal variations and N is the number of cavities in the
magnetron

Mode =

nλ 2π
.
N

(2.8)

In 2D with two degrees of freedom θ and r, the modes can only vary azimuthally and
radially. For example, the first useful mode will occur when nλ = 1; therefore, there
will be only θ variations and no variations in r. Based on Equation 2.8 this mode is
Mode = π3 . Figure 2.3 provides a visualization of this mode.

Figure 2.3: Conceptual representation of the π3 mode. Electric field distribution
(left), wave representation on the surface of the anode (right).
The left image in Figure 2.3 demonstrates the electric field distribution for the

π
3

mode. We can see the electric field lines pointing in one direction for exactly half of
the SWS and in the opposite direction for the other half. The perimeter of the SWS
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is colored with red when the phase is positive and blue when the phase is negative.
The right side of Figure 2.3 presents a 1D representation of the wave, where the
abscissa is the azimuthal angle θ and the ordinate is the normalized amplitude of
the electric field. The purple rectangles represent the positions of the anode blocks,
and the space between them represents the resonant cavities. The black line is the
electric field inside the cavities and the sinusoid is the mode’s representation.

Figures 2.4 (a-d) demonstrate the rest of the operating modes of the A6 magnetron. The left side of all figures shows the field distribution in the cavities where
the arrows show the direction of the electric field. The pink line at the start of the
cavity is placed as a reference at θ = 0. The anode blocks are numbered to keep
track. The right side shows the 1D representations of the fields inside the cavities.
The red curve is the normalized real electric field in cavities. The black segmented
line represents the phase of the electric field. The blue line represents the number of
integer sinusoids that overlay the electric field. Note that there is symmetry in the
mode patterns. Some modes have the same phase difference in neighboring cavities
and their resonant frequency is the same. When all azimuthal variations of the electric fields are exhausted, modes start to repeat, but with the first radial variation,
which starts the second pass-band of the resonant frequencies.

For simplicity, all the information about the modes is summarized in Table 2.2,
and if the contents of the table are plotted, a dispersion diagram can be constructed
as shown in Figure 2.5 [9].
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(a)

π
3

(b)

2π
3

mode

mode

(c) π mode

(d) 2π mode

Figure 2.4: Four examples of modes that exist in an A6 magnetron.
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Table 2.2: A6 magnetron mode summary.

Mode

Mode frequency (GHz)
(no radial variations)

Mode frequency (GHz)
(1 radial variation)

Azimuthal
variations

0

0

4.6

0

π
3

1.38

5.0

1

2π
3

2.15

6.24

2

π

2.35

6.75

3

4π
3

2.15

6.24

2 or 4

5π
3

1.38

5.0

5 or 1

2π

0

4.6

0 or 6

The blue and orange dots represent discrete frequencies of the first and second
pass-band, respectively. The green line represents the beamline, which intersects
with the π and 2π modes. By changing the energy of the electron beam, the angle
of the line would also change, enabling the beam line to intersect different modes.
In reality, there are more complications because the modes are made up of the
waves moving azimuthally as well as axially; however, the 2D modes are an extremely
useful approximation when designing a magnetron.
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Figure 2.5: Dispersion relation for the A6 magnetron for two pass bands. Blue line first pass band, orange line - second pass band, green dashed line - the beam group
velocity.

2.2.2

Buneman-Hartree condition

In order for a particular mode to grow, the phase velocity of the electron flow to match
the phase velocity of the electromagnetic mode. An axial magnetic field of different
strengths can be used to fine tune the electron beam drift velocity. A relationship
is needed between the applied voltage, axial magnetic field, and the desired mode.
Such a relationship is called the Buneman-Hartree [14] condition and is given by
eBBH
eV
=
ra ωn de − 1 +
2
mc
mc2 n

r
1−

 r ω 2
a n
,
cn
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where V is the applied voltage, BBH is the axial magnetic field, ωn is the angular
frequency in radians per second of the nth azimuthal mode, n is the non-zero integer
number of that mode, and de is a geometric parameter defined in Equation 2.6.

Figure 2.6: The magnetron operating domain in Bz vs. V space.

Finally, all the parameters can be combined to produce an operating domain of
voltages and magnetic fields. As mentioned before, these conditions are an approximation to the 2D modes, but these operational parameters can minimize the design
time. An example of the A6 relativistic magnetron’s operating domain is shown in
4π
Figure 2.6 for the π,
, and 2π modes.
3
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2.3

Cathode physics

Previous sections in this chapter discussed the electron beam interacting with the
SWS; however, the origin of the electron beam was not discussed. Now it is important
to describe how the electrons are introduced into the interaction space.

2.3.1

Explosive emission

The process of emission is releasing the electrons from the conduction band of the
cathode material. Electrons can freely move in the conduction band, but electrons
must acquire additional energy to escape the potential barrier. There are five electron
emission processes that can cause this [15]:
1. Thermionic - the energy is applied in the form of heat [16];
2. Photoelectric - the energy is applied in the form of high energy photons [17];
3. Secondary - the energy is applied through bombarding a cathode with electrons, causing the electron avalanche process [18];
4. Field emission - applying an external electric field [19, 20]; and
5. Explosive emission - applying a very high electric field that causes microprotrusions on the cathode surface to Joule heat and explode, forming a plasma
from which electrons can be accelerated [21, 22].
The first four emission types find their uses in different applications requiring electron
beams, but all of them are limited by the current densities they can produce. In the
case of explosive electron emission, the current density depends on the electric field
strength, and it is possible to achieve current densities in the 106 − 108 A/cm2 [23]
range. Explosive electron emission works best with a surface with microprotrusions;
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in principle, even a well mechanically polished surface has microprotrusions, as shown
in Figure 2.7.

Figure 2.7: Photograph of metal cylinders illustrating microprotrusions. (a) Photograph of an unpolished metal cylinder; (b) image of the unpolished surface under a
microscope;(c) photograph of a polished metal cylinder; (d) image of the polished
surface under a microscope.
The high electric field applied between the cathode and the anode causes substantial field enhancement on the tips of the microprotrusions on the cathode surface
[22]. Once the threshold field is reached, as shown in Figure 2.8, currents flowing
through the microprotrusions cause their rapid heating, which leads to their explosion into a neutral plasma adjacent to the cathode surface. Protrusions cannot be
symmetric, leading to some plasma jets or flares in different directions [21]. With
the electric field still present, the Lorentz force accelerates light and highly mobile
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electrons following the electric field lines. The positive ions are also drifting but with
much slower velocity. The process of electrons being emitted through the explosion
of the tips is called explosive electron emission [21, 22].

Figure 2.8: A simplified and exaggerated process of explosive emission.

The ion anode plasma drifts towards the cathode and creates more protrusion
tips, which produce more cathode plasma. This process is self-perpetuating and
leads to the erosion of the cathode surface [22]. This erosion occurs on timescales
such that the average temperature of the electrons in the cathode do not increase
significantly, and the explosive emission process is referred to as cold emission.

2.3.2

Plasma expansion and A − K gap closure

As described in the previous section, electrons produced from the explosive electron
emission cathode drift in the interaction region around the cathode under the influence of the crossed electric and magnetic fields. An anode plasma also forms due
to partial electron bombardment. The cathode plasma expands towards the anode
and the anode plasma expands towards the cathode in a process that is termed gap
closure [24], as shown in Figure 2.9. The ion plasma expansion velocity can vary
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depending on the anode material and mass of the ion, but typically it can range
from 4 cm/µs to 10 cm/µs radially and axially [25, 26].

Figure 2.9: Cathode and anode plasma expansion resulting in A − K gap closure.

In UNM’s relativistic magnetrons, the anode is made out of 316 stainless steel
and the cathode is made out of POCO graphite, which results in the ion plasma
expansion rate being about 1-2 cm/µs [25, 26]. Based on the A6 geometry, the
anode plasma would reach the cathode in roughly 100 ns. However, once the anode
plasma expands and the A − K gap is shorted, no microwaves can be produced as
diode impedance collapses to zero. This fundamental limitation creates a severe issue
for long pulse systems as the pulse beyond 100 ns would not contribute to producing
any microwaves. This referred to in the community as pulse shortening.

2.4

Injected beam and split cathode

To address A − K gap closure, either the material of the cathode and anode needs to
be changed, or the cathode needs to be excluded from the interaction space. Special-

22

Chapter 2. Theoretical Analysis

ized materials for the cathode with a lower work function can decrease the threshold
for explosive emission. In 2004 researchers at the Air Force Research Laboratory
(AFRL) published their findings of a cesium iodide (CsI)-coated carbon velvet cathode that demonstrated very slow A−K gap closure at 175 kV [27]. The disadvantage
of such technology is a much lower output current (<1 kA) [28], extreme toxicity
during the manufacturing process, and manufacturing reproducibility. Additionally,
the CsI cathode does not address axial leakage current, which contributes to losses
and low efficiency.
Alternatively, the gap closure problem can be addressed by removing the physical
cathode from the interaction space and injecting the beam instead, which will interact
with the SWS and produce microwaves. The idea of injecting an electron beam into
the magnetron from external to the interaction region was initially proposed by Fuks
at the Institute of Applied Physics in Gorky, USSR (now Nizhny Novgorod, Russia)
[29]. We shall see that the split cathode mentioned earlier builds on this idea.

2.4.1

Beam physics

First, some essential beam physics needs to be introduced to describe the beam injected into the interaction space. A complete description of the beam dynamics in
the drift tube is very complicated [30]; therefore, in this dissertation, some simplifications will be made. Let us consider two cases. In the first case, the emission region
will be ignored and we will assume the beam to be already present in the drift tube
under the influence of an infinite axial magnetic field, as shown in Figure 2.10(a).
Under these conditions, the space charge that makes up the beam produces only a
radial electric field caused by the difference of two potentials: ϕb - the potential of
the beam and ϕa - the potential at the drift tube wall. The beam is represented as a
thin layer of electrons that creates a shielding effect with no space charge inside the
annular beam. The electron shielding provides a limiting amount of current within
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the beam to keep the potential ϕb the same within the given coaxial geometry. This
current is known as the space-charge-limited current [31] and is given by

Figure 2.10: Simplified beam dynamics: (a) beam drifting in the tube; (b) beam
being emitted from the tip of the cathode.

ISCL

mc3
1
=
e 2 ln( ra )
rc


1/2
1
2/3
1− 2
(γ0 − 1)3/2 ,
γb

(2.10)

where ra is the anode radius, rb is the beam radius, e and m are the charge and
mass of the electron, respectively, and c is the speed of light. Note rc = rb when the
magnetic field is infinite. Finally, γ0 and γb are the relativistic factors that depend
on the anode and beam potentials, respectively, and are given by

γb = 1 +

e
eϕb
(ϕa − ϕb ) = γ0 −
.
2
mc
mc2

(2.11)

A detailed derivation of the space-charge-limited current can be found in [9] and [32].
The space-charge-limited current is the maximum current that an electron beam
can support in a coaxial drift tube; however, this equation does not account for the
maximum current that the cathode can produce. Thus, the presence of the cathode
has a strong influence on the beam dynamics. Aside from ϕa and ϕb , the cathode
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potential ϕc also must be taken into account. As shown in Figure 2.10(b), during
the emission process, the cathode potential is the main force that affects the electron
beam. The emitted electrons start to accelerate and move along the magnetic field
lines, but the maximum current emitted from the cathode is limited. This limitation
was first derived and published by Fedosov in [33], and is given by

p
(γ0 − γF ) γF2 − 1
mc3
1
IF =
,
e 2 ln( rrac )
γF

(2.12)

where γ0 is the Lorentz
factor corresponding to the beam velocity away from the
r
1 1
cathode and γF = 2γ0 + − is the velocity factor of the beam at the tip of the
4 2
cathode [33].

2.4.2

Attempts at an MDO with virtual cathode and magnetic mirror

With the description of beam dynamics presented, we can now discuss electron beam
interaction with a SWS. When an electron beam is injected into the interaction region
from outside the interaction region, the space charge of the electron cloud produces a
radial electric field and, with a combination of the axial magnetic field, forms a crossfield configuration similar to a solid cathode. This configuration allows the beam to
be the source of electrons and for electrons to drift azimuthally and interact with the
SWS. Similar to the Buneman-Hartree condition in Equation 2.6, a relationship for
the electron beam can be derived [34] as

mc2 γ0 − γF
rω
  ≈ c n,
ra
eBz
cn
rc ln
rc

(2.13)

where γ0 is the Lorentz factor of the beam, γF is Fedosov’s modification to the beam
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factor, Bz is the axial magnetic field, ωn is the angular frequency of the nth mode,
and ra and rc are the radii of the anode and the electron beam, respectively.

Even though synchronization is possible between the beam and the RF field in
the SWS, such a device’s efficiency is very low, typically less than 4%. The injected
electron beam stays in a high energy state due to its high axial velocity. A high
energy state of the beam may help reduce the electron bombardment of the anode
and allow 3D printed and copper-plated anodes to be used; however, high power
output is impossible in such a configuration [34]. For high power and high efficiency,
a low energy state virtual cathode (VC) is preferred.

In order to slow down the axial velocity of electrons, VC formation in the MDO
interaction region was proposed [35]. As shown in Equation 2.10, the maximum
current that can be supported inside of the drift tube strongly depends on the tube
radius. For a fixed electron beam radius, the larger the radius of the tube, the
lower the supported maximum current. Consider an example with a drift tube with
different radii, as shown in Figure 2.11 (top). The length of the drift space LCH1 =
LCH2 = 10 cm > Rch1 . The interface of the two drift tubes is located at axial
coordinate z = 0. A beam with current Ib initially forms in CH1 where the spacecharge-limited current is I(max)CH1 . Later, the beam propagates into the second
channel where I(max)CH2 <I(max)CH1 . If the electron beam current is greater than
I(max)CH2 , a VC will be formed at the interface of two channels [36, 37]. Figure 2.11
(bottom) demonstrates the axial energy of electrons at 5 ns. We can clearly see the
energy of particles going to zero at the channel interface.

26

Chapter 2. Theoretical Analysis

Figure 2.11: VC formation. (Top) A schematic representation of two drift channels;
(Bottom) particle energy vs. axial position.

Additionally, Figure 2.12 demonstrates electron beam evolution as a function
of particle momentum between 2 and 5 ns. Electrons emitted at the cathode tip
are accelerated radially and, under the influence of the strong axial magnetic field,
start drifting in the z direction. This drift continues until the beam reaches the
channel interface, where the space-charge-limited current is lower than the beam
current. This difference slows down some electrons and accelerates them in the
opposite direction. This method, however, leaves only a short region close to the
channel interface with electrons with low axial energy.
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Figure 2.12: Normalized momentum evolution over time.
To increase the length of the VC region with electrons at with low axial velocity,
we can use two VCs [38, 39], as shown in Figure 2.13. V C1 will slow down the initial
beam, but some leakage electrons will be present. Once the leakage electrons drift
further towards channel three, V C2 will be formed, slowing down electrons further.
According to particle-in-cell (PIC) simulations, a lengthy VC is formed in channel
two between V C1 and V C2 .
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Figure 2.13: The concept of the lengthy VC system consisting of 3 channels with
different radii such that R3 > R2 > R1 [38].

The configuration described above, however, is not perfect and generates high
leakage current passed V C2 , which generates losses and introduces inefficiencies.
In 2019, Fuks and Schamiloglu proposed a potential solution to the leakage current in the MDO [40], which in turn can increase the efficiency of the MDO to greater
than 90%. The main principle is to use the magnetic mirror effect [41, 42], where the
axial magnetic field between two VCs works as an electron trap. The principle of the
MDO with magnetic mirror is shown in Figure 2.14. The top image demonstrates
the MDO with injected beam and a magnetic field produced by a Helmholtz coil
pair. The axial magnetic field outside of the interaction space is much weaker and it
guides electrons to be deposited onto the anode beam dump and not into the output
window.

29

Chapter 2. Theoretical Analysis

Figure 2.14: The magnetic mirror concept for the MDO (top) the conventional magnetic field, (bottom) conventional magnetic field with a magnetic mirror field [40].

The bottom in Figure 2.13 demonstrates the electron trajectories with a Helmholtz
coil pair and magnetic mirror. The magnetic mirror acts as a trap for the downstream
electrons and reflects them. If the magnetic field strength increases rapidly, nearly
all the electrons can be reflected towards the interaction region. The magnetic mirror
mechanism can be described in terms of the electron momentum and the magnetic
field values, as described in [41]. The total electron momentum is given by
p2 = p2|| + p2⊥ = (mcγβ)2 ,

(2.14)

where p⊥ is the transverse momentum of electrons, p|| is the longitudinal momentum
of electrons, and γ and β are the relativistic factors. The first adiabatic invariant µ
is constant and is given by [41]
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µ=

2
mv⊥
=const.
2B

(2.15)

Therefore, as the magnetic field B increases, the longitudinal momentum p|| decreases
to zero, and the transverse momentum p⊥ increases to a total momentum p, which
means that all electrons will be reflected towards the interaction space.
According to the PIC simulations [40], as the downstream leakage current goes
to zero, the theoretical efficiency would increase to 92%. Unfortunately, while the
magnetic mirror provides an exciting solution to the downstream leakage problem, its
implementation is impractical. The key to this method is to create a region of space
where the axial magnetic field either rapidly increases or changes its direction from
axial to radial. The interaction space of the magnetron requires a uniform magnetic
field Bz . The introduction of a mirror coil to generate a high magnetic mirror field
BM M would interfere with Bz . The idea for the magnetron with a lengthy VC
and a magnetic mirror was heavily researched using PIC simulations; however, this
approach was abandoned since it makes the magnetron heavier and more complex
and from a system perspective, less efficient, as a separate power supply would be
required to power the mirror coil.

2.4.3

Split cathode

As an alternative to the VC with magnetic mirror, researchers at The Technion Israel Institute of Technology, proposed an alternative method of reducing the axial
leakage current - by introducing a cathode reflector at the same potential as the
cathode [43]. Similar work using endcaps on traditional cathodes was performed
earlier [44, 45], but never with an electron beam injected into the interaction region
from outside the interaction region.
Figure 2.15 presents a schematic drawing of the split cathode. The cathode
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emitter is positioned at distance Lstart from the edge of the anode block. The reflector
is connected to the cathode using a thin-diameter solid conducting rod, making the
reflector remain at approximately the same potential as the cathode.

Figure 2.15: A schematic representation of the split cathode. 1 - cathode shank, 2 cathode emitter, 3- cathode reflector rod, 4 - reflector, 5 - anode block.
Initially emitted electrons drift axially downstream. Once the beam approaches
the reflector, electrons exert strong Coulombic force on the reflector at the same
potential. Since the reflector cannot move and is fixed to the cathode, electrons
decrease their axial momentum and convert their kinetic energy into potential energy
of the electrostatic field. The repulsion is similar to a Penning-Malmberg trap [46,
47].
Scientists at The Technion, Yakov Krasik and John Leopold, constructed a prototype of the split cathode that is shown in Figure 2.16. The split cathode was tested
experimentally in a closed magnetron (a magnetron without an output port), and
the results were published in [48] and shown in Figure 2.17.
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Figure 2.16: The experimental split cathode that was used in experiments at The
Technion [43].

Figure 2.17: Experimental results for the split cathode from The Technion [48]
.
Figure 2.17 summarizes the experimental results for three cases: 1) magnetron
with a solid cathode, 2) magnetron with a solid cathode and a reflector, 3) magnetron with a split cathode. Note that the RF oscillations presented are not the out-
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put electric field but the field measured inside the magnetron using a B-dot probe.
Nevertheless, the magnetron’s first case with the solid cathode shows microwave production for about 100 ns, while the applied voltage pulse is nearly 300 ns long. By
installing the cathode reflector that suppresses the axial leakage current, the output
power increased by about 50%; however, the pulse duration did not change, which
indicates that the expanding plasma is shorting the A − K gap. Finally, using the
split cathode, the RF amplitude remains the same as the case for the cathode with
the reflector, but the pulse duration increases significantly to the entire duration of
the applied voltage pulse. As mentioned earlier, the experimental work in [48] was
not performed in a magnetron with extracted radiation, and the operating parameters were not thoroughly optimized. Therefore, this work aims to demonstrate the
working principle and help with the design of a split cathode for UNM’s A6 MRO
and A6 MDO.

2.5

Conclusion

The magnetron is one of the most popular HPM sources researched today. It is
robust and highly efficient for most uses; however, it is not perfect. A − K plasma
expansion and gap closure are serious problems that limit the pulse duration to about
100 ns. The split cathode provides an ingenious solution to this problem and allows
HPM to be generated for much longer pulses.
The next chapter will focus on PIC simulations used to optimize the parameters
shown in Figure 2.15, such as the radius of the reflector Rref lector , radius of the central
rod Rrod , the length of the rod Lrod , the position of the emitter Lstart , the radius of
the cathode emitter Rc , and the cathode length Lc .
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3.1

Introduction

Previous chapter introduced the theoretical considerations of HPM sources, the magnetron in particular. The problem of A−K gap closure was explained and a potential
solution was introduced in the form of the split cathode. This chapter will focus on
PIC simulations of the magnetron with a split cathode. We will present PIC simulations of the magnetron, electromagnetic simulations of the outputs, and static simulations of the electric and magnetic fields. To explain the behavior of the magnetron
with split cathode, some prerequisites need to be established in the simulation space
first. First, the A6 MRO and solid cathode will be described. Afterwards, simulations will be repeated for the A6 MDO and solid cathode. The magnetron with split
cathode will be broken down into multiple simpler problems. Finally, the conclusion
to this chapter will tie together all of the topics discussed.

3.2

A6 MRO with solid cathode simulations

The A6 MRO was extensively studied analytically, computationally, and experimentally for over 50 years. Therefore, it is a good baseline device to start the analysis.
A rendered CAD model of the A6 MRO is shown in Figure 3.1. The canonical magnetron uses a solid cathode as a source of electrons and can produce up to 500 MW
of power.
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Figure 3.1: A CAD model of the A6 MRO with a solid cathode.

As shown in Section 2.2.1 the magnetron can operate in the

π 2π
, 3,
3

π,

4π 5π
, 3,
3

and 0 or 2π modes. However, the most desirable modes are the π and 2π modes.
Sometimes instabilities can cause mode competition. Overall, mode competition
is undesirable because it leads to a decrease in electronic efficiency [6, 49]. Anode
endcaps are flat discs that connect all anode blocks and cavities at the same potential
and force electrons to interact with the 2π mode.
Canonically, the A6 MRO is designed to operate in the 2π mode because the
output aperture does not allow the lower frequency of the π mode to propagate.
The dimension of the magnetron is the closest to standard WR284 and WR229
waveguide. The main issue is that these waveguides have different operating modes.
WR284 waveguide fits the magnetron’s geometry, but has an upper cutoff frequency
of 4.1 GHz [50]. WR229 waveguide covers that frequency; however, it has a lower
cutoff frequency of 2.5 GHz. As shown in Figure 3.2, the MRO output has a cutoff frequency of 2.1 GHz; however, once a waveguide is connected to it, the cutoff
frequency increases to 2.5 GHz, not allowing the π mode to propagate.
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Figure 3.2: S-parameter for the MRO output iris vs. with a coupling waveguide.

The MRO is transmitting waves through a conical iris and into a rectangular
waveguide. This creates asymmetry in the azimuthal field distribution. The output
mode of the MRO is the TE10 mode.

Figure 3.3: The electric field distribution in an A6 MRO with the output iris.
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3.2.1

PIC simulations

In this subsection we focus on PIC simulations using the MAGIC PIC code [51–53].
The magnetron was defined in MAGIC and the geometry is shown in Figure 3.4. In
these simulations anode endcaps are used to force electrons to interact with the 2π
mode.

(a) X − Y cross section

(b) X − Z cross section

(c) Y − Z cross section

(d) MRO model in 3D

Figure 3.4: PIC simulation geometry in MAGIC for the MRO with a solid cathode.
Figure 3.5 shows that the input voltage is 300 kV and the input current is about
20 kA. The voltage pulse has a 5 ns risetime and we notice an initial overshoot
of the voltage before reaching a steady value. Such behavior is explained by the
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dynamic impedance of the diode. As electrons are emitted from the cathode, they are
accelerated towards the anode, but their radial trajectories bend under the influence
of the axial magnetic field. At some point, electrons create a shielding effect around
the cathode, which prevents further emission and limits the current being drawn.

(b) Total input current

(a) Input voltage

Figure 3.5: Input parameters for the MRO.
Electron trajectories can be seen in Figures 3.6(a) and (b). We notice a large
axial current in Figure 3.6(a). This is because when electrons are emitted from the
cathode, the cathode and the cathode shank experience axial current which induces
⃗ ×B
⃗ drift
the azimuthal magnetic field. This field also affects the electrons in their E
and creates the axial current.

(b) X − Y particle trajectories

(a) X − Z plane particle trajectories

Figure 3.6: Particle trajectories in the MRO with solid cathode.
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The axial current is undesirable because it does not contribute to microwave
generation and is a leakage current representing loss. Figure 3.6(b) demonstrates the
X − Y cross section and shows electron spoke formation. As mentioned before, this
A6 MRO operates in the 2π mode, which means that the electric fields in all the
cavities are in phase. The spoke in the output cavity has a deformity in the form of
an iris. Because of the azimuthal asymmetry, the A6 MRO sometimes tends to have
lower power and lower operating field. The leakage current in the MRO reduces its
efficiency, but does not damage the output waveguide of the magnetron, unlike in
the case for the MDO. The output field parameters are shown in Figure 3.7. The
maximum electric field at the iris reaches 30 kV/m and at a very consistent frequency
of 4.65 GHz.

(a) Electric field in the output iris

(b) Fast Fourier Transform (FFT) of the output field at 4.65 GHz

Figure 3.7: Electric field in the output iris of the MRO.

Finally, the power output of the A6 MRO at 360 kV is about 375 MW, while
the input power is 2.5 GW, which results in a total electronic efficiency of about
13%. Such low efficiency is explained by the large leakage current, which does not
contribute to microwave production.
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(b) 375 MW output power of the MRO.

(a) 2.5 GW input power of the MRO.

Figure 3.8: Input and output power plots for the MRO.

3.3

A6 MDO with solid cathode simulations

As shown in the previous section, the most effective operating mode of the magnetron
is the 2π mode at an output frequency of 4.6 GHz. The opening for the antenna
causes an asymmetry to form inside of the interaction space. This asymmetry does
not allow for efficient mode formation. To keep the integrity of the MDO’s symmetry,
the power needs to be extracted axially.

Figure 3.9: CAD model of the A6 MDO with a solid cathode.
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The MDO PIC simulation was set up in the same way as the MRO PIC simulations. The geometry is shown in Figure 3.10. The following PIC simulation results
do not provide the most optimized parameters for the input voltage and the magnetic
field, but rather present general simulation results. Extensive study of the MDO is
presented in Fuks and Schamiloglu [54], and Leach [55].

(a) X − Y cross section

(b) X − Z cross section

(c) Y − Z cross section

(d) 3D geometry

Figure 3.10: PIC simulation geometry for the MDO with a solid cathode.

In the simulations, the input voltage was set at 170 kV and the input current
ended up being 3.8 kA while the magnetic field was set at 0.29 T. The MDO has the
same operating mode as the MRO; however, the anode blocks have tapered endings
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which change the operating mode frequency due to the axial components of the field.

(a) MDO input voltage

(b) MDO total input current

Figure 3.11: Input parameters for the MDO.
Figure 3.12 shows the particle trajectories. Figure 3.12(a) demonstrates the axial
leakage current and Figure 3.12(b) shows the operating π mode of the magnetron.
While the leakage current in the MRO only contributes to losses and inefficiency, the
MDO leakage current can damage the output window, which is a common problem in
MDO. This issue was addressed and solved with the introduction of a hemispherical
cathode endcap [45, 55].

(a) X − Z plane particle trajectories

(b) X − Y particle trajectories π mode.

Figure 3.12: Particle trajectories for the MDO with a solid cathode.
The simulation results for the MDO with solid cathode are shown in Figures
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3.13 and 3.14. The electric field that resonates in each cavity is symmetric and the
operating frequency of the π mode is 2.28 GHz.

(a) MDO RF field in one of the cavities

(b) MDO RF output and the frequency

Figure 3.13: The output electric field of the MDO with the solid cathode and its
FFT.

The output power of the MDO with a solid cathode in this simulation was 508
MW, while the input power was 943 MW, resulting in an electronic efficiency of
53%. Note that the efficiency of the MDO can be further increased with the cathode
endcap, as described by Leach [55].

(a) MDO input power

(b) MDO output power

Figure 3.14: Input and output power for the MDO with a solid cathode.
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3.4

Split cathode

The magnetron with split cathode is a complicated spatially and temporally varying
system. To understand the behavior and characterize each parameter, a series of
simulations needs to be performed, starting with the simple beam and introducing
more variations at each iteration. First the simulations of the simple beam dynamics
in a smooth bore tube will be described. Then the squeezed state beam physics will
be simulated to understand the beam evolution in the potential well. Finally, split
cathode simulations will tie together the understanding of two previous sections and
complete the understanding of the split cathode behavior with a magnetron’s SWS.

3.4.1

Simple beam dynamics

The purpose of this section is to define the baseline simulation and compare simulated
and theoretical results. Further steps will include studying a complicated geometry
that does not have simple theoretical solutions; therefore, it is critical to establish
confidence in simulation results and explain the diagnostic techniques that will be
important later.

Case A) Electron beam drifts in a smooth cylindrical tube
The first and simplest case is that of an electron beam propagating in a coaxial tube,
as shown in Figures 3.15(a) and (b). Both configurations are identical except for
their downstream boundary. A smooth bore anode is coaxial with the cathode shank
and the cathode. A thin tubular cathode is represented by the golden emission area.
The voltage is applied between the cathode shank and the anode via a waveguide
port. Figure 3.15(a) shows the configuration with the Closed Boundary Condition
(CBC) that is represented by a circular anode end plate and Figure 3.15(b) shows
the Open Boundary Condition (OBC) represented with a passive port that absorbs
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all particles and waves without reflections.

(a) Case A with CBC

(b) Case A with OBC

Figure 3.15: The geometry of a simple electron beam in a smooth tube with different
boundaries.
Since the goal of these simulations is to understand the behavior of the A6 MDO,
the dimensions for the coaxial diode were chosen accordingly:
ra = 4.1 cm - Anode radius
La = 20 cm - Anode length
rs = 1.0 cm - Cathode shank radius
Ls = 3.0 cm - Cathode shank length
rc = 1.0 cm - Cathode radius
Lc = 1.0 cm - Cathode length
Vc = 300 kV - Applied voltage
tsignal = 6 ns - Signal duration time
trise = 2 ns - Signal risetime
Baxial = 2.0 T - Applied axial magnetic field.
Using equations from Section 2.4.1, all important theoretical calculations can
be performed and compared with PIC results. Note that the space-charge-limited
current as well as the Fedosov current equations assume an infinite magnetic field
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[33]. To satisfy this condition the axial magnetic field was set at 2 T and the applied
voltage was set at 300 kV for all simulations of the simple beam, yielding

γ0 (ϕ = 300 kV) = 1 +

eϕ
= 1.587,
m e c2

Ispace−charge−limited (ϕ = 300 kV) =

γF (ϕ = 300 kV) =

2
3
mc3
1
3
2
ra (γ − 1) = 1.308 kA,
e 2 ln( rc )

p
2γ0 + 0.25 − 0.5 = 1.35, and

p
mc3
1 (γ0 − γF ) γF2 − 1
= 960 A.
IF =
e 2ln( rrac )
γF

(3.1)

(3.2)

(3.3)

(3.4)

Additionally, since both Equations 3.1 and 3.3 represent γF , an equation for the
Fedosov potential can be obtained

ϕF =

mc2 p
( 2γ0 + 0.25 − 1.5) = 179.08 kV.
e

(3.5)

The simulation time was set to 6 ns to allow the beam to achieve a steady state.
Current and voltage diagnostics were defined uniformly every 1 cm along the entire
axial length. In addition to the field diagnostics, phase space monitors were also
defined to record the kinetic energy, γ, and the momentum of electrons. Figures
3.16(a) and (b) show the current and voltage results for the OBC case. The current,
as expected, approaches the same value of 940 A, which is very close to the theoretical values calculated in Equation 3.4. The voltages are the same at the 1-3 cm
position and start to decrease; however, past about the 7 cm position, the voltage
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asymptotically approaches a specific value. The steady state voltage values can be
recorded at each axial position of the beam tube to create a potential energy vs. z
plot.

(a) Voltages at different positions

(b) Currents at different positions

Figure 3.16: An example of the characteristic current and voltage plots at each axial
position vs. time. The example shows an OBC.

(a) Closed case kinetic energy

(b) Open case kinetic energy

Figure 3.17: Electron kinetic energy vs. z phase space plots for Case A.

In the beginning of the simulation electrons have no kinetic energy; therefore,
the total energy equals the potential energy. Based on this information, the kinetic
energy of electrons can be calculated and compared to the kinetic energy measured
by the phase space monitor, as shown in Figures 3.17(a) and (b) for CBC and OBC,
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respectively. The kinetic energy calculated using the voltage diagnostic follows the
phase space monitors exactly, which proves the reliability of this method.
The theoretically calculated value for the Fedosov potential (Equation 3.5) is
about 180 kV, which is also correctly calculated in the PIC simulations.
Similar to the the kinetic energy, the γ factor can also be calculated using the
voltage monitors and Equations 3.1 and 3.3. The theoretical calculation for the
Fedosov potential is γF = 1.35, which is well supported by simulation results shown
in Figures 3.18(a) and (b).

(a) Closed case γ

(b) Open case γ

Figure 3.18: γ vs. z phase space plots for Case A.

By considering Figures 3.17 and 3.18 we find some consistent behaviors of the
beam. The CBC case has three distinct regions: 1) beam emission, 2) beam drift,
and 3) final acceleration. In the first region the beam accelerates, it converts its
potential energy into kinetic energy until it reaches the Fedosov potential. In the
second region, the beam drifts possessing both kinetic and potential energies at the
Fedosov relativistic factor. In the final region the beam accelerates by converting the
remainder of its available potential energy into kinetic energy before being absorbed
by the metallic boundary. The relativistic factor also reaches its maximum value and
equals γ0 = 1.587 from Equation 3.1.
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In contrast, the OBC case has only two regions: 1) emission region and 2) beam
drift region. Since the beam does not encounter the zero potential boundary on its
way, the beam keeps drifting with both kinetic energy and Fedosov potential. This
boundary condition emulates an infinitely long drift space which is desirable for the
remainder of the simulations in this chapter.
Despite simulation models matching the theoretical results, both geometries described in Case A have a flaw: electrons drift downstream as well as upstream, as
shown in Figure 3.19(a). The strong magnetic field keeps the beam tubular; however,
the axial drift may cause issues in calculations in future simulations.

(a) Particles in X − Z cross section

(b) Particles in X − Y cross section

Figure 3.19: Particle trajectories in the drift tube for Case A.

To combat the upstream electron current, a few ideas were tested; however, the
simplest idea was to enlarge the cathode shank to catch electrons and reflect them
forward, which is Case B.
Case B) The cathode shank as the upstream reflector
By enlarging the shank radius to rs = 1.5 cm, all electrons that are traveling upstream can be stopped, as shown in Figure 3.20. However, MAGIC uses a dynamic
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impedance in its PIC solver. Therefore, applying the same voltage at the entrance
port will result in slightly different voltages and currents.

Figure 3.20: Particle trajectories are stopped by the enlarged cathode shank.

(a) Case B kinetic and potential energies

(b) Case B γ factor

Figure 3.21: Energies and γ factor from the MAGIC diagnostics for Case B.
The current and voltage results are nearly identical to Case A, with the only
difference being that the input voltage increased due to the dynamic impedance
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calculation in MAGIC. The theoretical calculations for the Fedosov potential and
the γ factor can be calculated similarly, as was shown in Case A, and the theoretical
results match the simulation results very well, as shown in Figures 3.21.
Case C) Drift space with anode insert
The last modification to the basic beam is to introduce a cylindrical anode insert
into the drift space to emulate the interaction region of the magnetron, but with
no resonators or cavities. An anode insert with axial length Linsert = 5.0 cm and
inner radius ri = 2.1 cm was defined in the anode, as shown in Figures 3.22(a) and
(b). The position of the anode insert was varied as a function of dc , defined as the
distance the between the edge of the insert to the edge of the cathode tip. Figure
3.22(a) shows the anode insert at dc = 0 cm and Figure 3.22(b) as dc = 11 cm,
respectively.

(a) dc = 0 cm

(b) dc = 11 cm

Figure 3.22: Case C geometry at minimum and maximum dc , respectively.

As in previous cases, the potential and kinetic energies can be extracted from each
simulation and are shown in Figures 3.23. Something interesting may be observed
when the distance dc = 0 cm. The kinetic energy of the beam increases, reaches
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its maximum value at 7 cm, and then decreases until it reaches 10.5 cm and starts
to increase again until it reaches the Fedosov potential. At 10 cm, right at the
downstream edge of the anode insert, the beam has its lowest kinetic energy. Such
behavior indicates the formation of a VC. The VC appearance can also be viewed
from the perspective of a potential well, as shown in Figure 3.23(b). Note that a VC
forms only when dc = 0 cm, meaning the initial beam forms within the anode insert
with smaller inner radius and, therefore, has a higher space-charge-limited current
there. When the beam leaves the anode insert region and enters the larger radius
main anode tube, the space-charge-limited current immediately decreases and the
tube cannot support the electron beam current and electrons are slowed down and
accelerated in the opposite direction due to conservation of energy. In cases where
dc > 0 the beam forms in the main drift tube with lower space-charge-limited and
in this case no VC is formed.

(a) Kinetic energy

(b) Potential energy

Figure 3.23: Case C kinetic and potential energies as a function of z.
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Figure 3.24: Phase space plot of pz vs. z demonstrating VC formation.
VC formation is also well demonstrated by observing the pz vs. z plots at different
snapshots in time, as shown in Figure 3.24.

3.4.2

Squeezed state of the electron beam

The previous section described the basics in simulation space and showed that a
simple VC is formed by two anode sections with different radii. A different way to
create a VC is to place a conductor in the beam’s path at the potential equal to
or greater than the beam’s potential. In this case, electrons are decelerated by the
Coulomb force and convert their axial kinetic energy into potential energy. After
electrons’ axial velocities reach zero under the influence of the same Coulomb force,
electrons are accelerated back towards the cathode. The cathode and the downstream
reflector produce a potential well from which only the most energetic electrons can
escape. If the electron kinetic energy is lower than the potential energy of the cathode
and the reflector, an electron is then trapped in the potential well [56, 57]. Trapped
electrons oscillate between the reflector and cathode, and they approach a steady
state and their average kinetic energy decreases. Such a state is called the squeeze
state of the electron beam [56, 57]. This squeezed state is desirable for relativistic
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magnetron operation (both for the MRO and MDO) because of the low axial velocity
of the electrons.
Consider the case described in [57], where the geometry of the simulation space
is the same as in the simple beam section described earlier, but with a conductive
solid disk placed downstream from the cathode, as shown in Figure 3.25(a). The
metallic disk is also intersecting the output boundary which is no longer a passive
boundary but an active port. The output port is excited with the same signal as
the cathode shank generating the same potential on either side of the beam drift
tube. The following configuration is not physical; however, it will demonstrate the
behavior of the beam in its squeezed state.

(b) The potential well

(a) Simulation geometry

Figure 3.25: (a) The MAGIC simulation geometry and (b) the potential well associated with the squeezed state of the electron beam.
Figure 3.25(b) shows the potential well produced by two electrodes similar to the
case in [57]. As mentioned before, electrons are trapped in the potential well until
they reach a steady state and have very low kinetic energy; however, the time it
takes for the electrons to reach a fully squeezed state is impractical for magnetron
operation. Additionally, the squeezed state requires a large axial magnetic field
which conflicts with the Buneman-Hartree condition. To optimize the potential well
parameters, the magnetic field was swept from 0.1-2.0 T to observe its effect on beam

55

Chapter 3. Simulations

behavior in this state. Figure 3.26 shows the results of the simulation sweep. The
result for 0.1 T was not included as the magnetic field was below the Hull cutoff
and electrons were not insulated. A predictable trend is observed – the higher the
magnetic field, the lower is the potential energy at the point between the electrodes.
This means that at low magnetic fields, the beam is partially squeezed and may
be useful for magnetron operation. While performing the magnetic field sweep, an
interesting behavior of the beam was observed. The beam experienced turbulentlike instabilities and some spoke-like formations were developing in the tube with a
smooth bore. Three such shapes are shown in Figure 3.27.

Figure 3.26: The potential well formed between the cathode and the downstream
reflector.

The arrangement of the electron beam in specific n-fold symmetric shapes is likely
attributable to the diocotron instability [58–60]. The various spoke symmetries did
not appear for all magnetic fields. At low magnetic fields, the beam filled the interaction spaces very quickly and did not show any symmetric formations. Simulations
with low magnetic fields, 0.3-0.5 T, showed a 4-fold symmetry. Results at medium
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magnetic fields 0.6-0.8 T were not very consistent. At 0.6 and 0.8 T, a 5-fold symmetric shape formed and existed for a long time (on the order of 30 ns) before filling
the interaction space and creating a uniform beam. At 0.7 T the beam started with
a 4-fold symmetric shape, but then transitioned into a 5-fold symmetric shape.

(a) 0.3-0.5 T

(b) 0.6-0.8 T

(c) 0.9-2.0 T

Figure 3.27: The likely diocotron instability resulting in n-fold symmetric spoke
formations in the smooth bore anode for different magnetic fields indicated.

Finally, at high magnetic fields, above 0.9 T, the shape of the formation was
rather amorphous and at times took an 8-fold symmetric shape before transitioning
into the shape similar to the one shown in Figure 3.27 (c).
The diocotron-like instability observed in the simulations with the potential well
introduced many questions that needed to be investigated further.
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3.4.3

Split cathode

The next step of this study was to model a physical system that can be tested
experimentally, unlike the simulation setup described in the previous section. The
reflector was modeled to be connected to the cathode, creating the same conditions
for the potential well to trap the electron beam.
Split cathode description
The split cathode model is shown in Figure 3.28. The simulation setup is identical
to that described in the previous section except that now the downstream reflector is
connected to the cathode using a thin diameter metallic rod. The electron behavior
is expected to be the same as that described in the previous section.

Figure 3.28: Split cathode geometry.
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Diocotron instability with the split cathode
First, to verify consistency with the previous results a series of simulations were
completed sweeping the axial magnetic field in the system with the presence of the
thin diameter central conductor. The n-fold symmetric shapes attributed to the
diocotron-like instability were expected to be slightly different [61]. The split cathode
results are very similar to the squeezed state simulations shown in the previous
section, as indicated in Figure 3.29.

(a) 0.3-0.4 T

(b) 0.5-0.8 T

(c) 0.9-2.0 T

Figure 3.29: The diocotron-like instability forming n-fold symmetric spokes in the
smooth bore anode with a thin diameter central conductor present.

At low magnetic fields, 0.3-0.4 T, we observe the same 4-fold symmetry that
uniformly rotates around the connecting rod. Simulations at medium magnetic fields
are much more consistent now, but instead of 5-fold symmetric shapes there are 8-
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fold symmetric formations. When the magnetic field reaches 0.9 T the shapes stop
being well defined and they seem to indicate a 6-fold symmetry. Additionally, when
the shapes rotate around the center rod, the rotation is not uniform and symmetric.
Such dynamics raise a very important question: can the diocotron instability affect
the mode formation in the magnetron with the split cathode? To answer this question
the simulation model needs to further evolve to be closer to the actual magnetron
geometry.
Split cathode geometry with the smaller radius anode insert
The next step in approximating the magnetron with the split cathode is to model
the anode insert, similar to case C in the simple beam section, as shown in Figure
3.30. The anode insert has the same dimensions as the A6 magnetron: rin = 2.1 cm,
rout = 4.1 cm, and Linsert = 7 cm. The anode insert was defined in the middle of
the interaction region between the cathode and the downstream reflector disk. Note
that, if the anode insert is placed too close to the cathode emitters, two VCs will be
formed: one at the reflector the other at the end of the insert’s axial position.

(a) X − Z plane geometry

(b) X − Y plane geometry

Figure 3.30: Split cathode geometry with the anode insert (no cavities).
The anode insert simulations did not show any interesting results for the magnetic
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field sweep. Two more sweeps were performed: the distance of the anode insert with
respect to the cathode emitter was changed and the radius of the split cathode
rod was also changed, while keeping the same magnetic field at 0.3 T. For most
variations of distance dc , there was no interesting formations due to instabilities,
except for when dc = 1 cm shown in Figure 3.31(a). This variation showed a 3-fold
symmetric formation, which was very stable and lasted for the entire duration of the
simulation.

(a) Charge distribution for dc =1 cm

(b) Charge distribution for rrod > 5 mm

Figure 3.31: An example of electron particle plots for dc and rrod sweeps.
The radius sweep of the reflector rod also did not show significant changes. The
radius was increased from 1 mm to 7 mm and when the rod radius is less than 5
mm, the beam around the rod is very uniform and circular, while when the radius
of the rod is larger than 5 mm, the beam shape looks elliptical rather than circular,
as shown in Figure 3.31(b) These results suggest that there exist certain conditions
for creating the diocotron instability with a specific “mode”.
Anode insert with cavities (simple magnetron with the split cathode)
Finally the last step is to simulate the dynamic of the split cathode with anode insert
and the resonator cavities shown in Figure 3.32. The resonator section was modeled
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after the A6 magnetron with six 20◦ cavities and the 40◦ anode blocks.

(a) XZ plane geometry.

(b) XY plane geometry.

Figure 3.32: Split cathode geometry with anode insert and resonator cavities.
For these simulations the magnetic field was fixed at 0.3 T, and the radius of
the reflector rod was parameterized. The beam in the interaction space started
intersecting with the resonator cavities and formed proper spokes, as shown in Figure
3.33. The rod radius played an important role in mode formation. When the radius
of the rod was between 2-5 mm, a 4-fold symmetric formation mode was observed.
Figure 3.33(b) displays the mode for rrod = 2 mm, but the shape of the mode is the
same for 2mm < rrod < 5mm. This mode is believed to correspond to the 4π/3 mode
in the magnetron. For the rods with 6 and 7 mm radius, 3-fold symmetric spoke
formation was recorded, as shown in Figure 3.33(b) which is believed to be the π
mode.
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(a) rrod = 2 mm.

(b) rrod = 7 mm.

Figure 3.33: Electron particle plot for a magnetron with different split cathode central
rod radii.
The electric field diagnostic was defined in one of the resonator cavities to measure
the frequency of the electric field oscillations. Figure 3.34 shows the electric field vs.
time plots for 2 and 7 mm rod radii, respectively. In both cases we can see the electric
field oscillations, but for the π mode case, oscillations are very clean and consistent
vs. the 4π/3 mode where some pulsation is observed.

(a) rrod = 2 mm.

(b) rrod = 7 mm.

Figure 3.34: Oscillating electric field in the cavity for different rod radii.
The FFT extracted from the RF fields for different cases is shown in Figure 3.35.
Frequencies for all the cases are very close. Some conclusions can be drawn. For
rrod ranging between 2-4 mm, two main frequencies are present at 2.4 and 2.49 GHz,
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respectively. When the rod has a radius of 5 and 6 mm, the 2.4 GHz frequency seems
to disappear and only the 2.5 GHz frequency is present. When the rod radius is 7
mm, a proper π mode forms with a frequency of 2.56 GHz and with much higher
amplitude. Simulations with larger rods were also performed, but the larger rods
produce a very high quasi-static electric field between the anode and the rod such
that the rod will inevitably start to explosively emit electrons.

Figure 3.35: FFT of the electric field diagnostic in one of the resonant cavities for
different rod radii.
The reflector support rod radius seems to play a role in the formation of the mode
and producing the electric field necessary for electrons to start their azimuthal drift.
As shown in the simple beam case, the beam potential cannot reach the applied
potential and stays at the Fedosov potential while being in the potential well. The
larger diameter supporting rod creates the necessary electric field to allow electrons
to drift at faster azimuthal velocities and interact with the magnetron’s SWS.
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3.5

MDO with a split cathode

With all the components defined and all the prerequisites completed, the final step
is to define the geometry of the MDO with a split cathode. The 3D model of the
final geometry is shown in Figure 3.36.

Figure 3.36: The model of the A6 MDO with a split cathode.

The simulation geometry is the combination of the MDO with a solid cathode
from Section 3.3 and the split cathode geometry from 3.4.3, but some modifications
to the cathode were introduced. The geometry of the split cathode assumed that the
cathode shank acts as the upstream reflector. Some simulations showed the electrons
being able to go upstream. This problem could have been addressed by increasing
the size of the cathode shank, which would have changed the input impedance of the
device. Instead of changing the cathode shank radius, a small disk was introduced
as a reflector close to the emitters. The complete geometry description is shown in
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Figure 3.37.

(a) X − Y cross section

(b) X − Z cross section

(d) 3D view of the geometry
(c) Y − Z cross section

Figure 3.37: PIC simulation geometry for the MDO with a solid cathode.
Similar to previous simulations with the MDO, the two input variables are the
axial magnetic field and the input voltage. The voltage was set at 350 kV and the
magnetic field was swept in the 0.2-0.4 T range, with the best results produced
at 0.29 T. A summary of the input parameters is displayed in Figure 3.38. The
emission of electrons is correlated with the increase of the input current. When
sufficient charge accumulates in the interaction space, the input current goes down.
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The beam azimuthal drift allows the interaction of electrons with the SWS which
starts microwave generation and anode current. The input is 715 A and, since there
is no leakage current, the anode current equals to the input current. Based on the
input currents and voltages, the impedance of the diode is calculated to be 490 Ω,
which is very high when compared to the conventional MDO.

(a) Voltage at the load

(b) Total input current

Figure 3.38: Input parameters for the MDO with a split cathode.

(a) X − Z plane particle trajectories

(b) X − Y particle trajectories

Figure 3.39: Particle trajectories for the MDO with a split cathode.
Figure 3.39 shows the electron trajectories during MDO operation. The upstream
and downstream reflectors work well in preventing electron leakage. Figure 3.39(b)
shows the π mode being formed in the interaction space.
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(a) The electric field strength in the MDO (b) The FFT of the electric field in the MDO
cavity
cavity

Figure 3.40: RF results for the MDO with a split cathode.

The electric field in the interaction region is shown in Figure 3.40. The shape
of the RF signal is consistent for the duration of the simulation. The frequency of
the field in the cavity showed a very clean 2.4 GHz peak. The lower frequency can
be expected because the previous section described π mode generation in the case
without the flare angles of the MDO.

(a) MDO input power

(b) MDO output power

Figure 3.41: Input and output powers for the MDO with split cathode.

The input and output powers for the MDO with split cathode are shown in Figure
3.41. Because of the low anode current, the input power is only 250 MW, while the
average output power is about 54 MW. The efficiency of this device is about 22%,
which is lower than the solid cathode results; however, the advantage of the split
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cathode is the capability of supporting RF generation for a much longer duration
and keeping up with the emerging long pulse capabilities of modern pulsed power
drivers.
The final point that needs to be addressed is an extremely high electric field
on the surface of the split cathode’s conductors and the possible issue of explosive
electron emission from their surfaces. An electrostatic simulation was performed and
the results are shown in Figure 3.42. Following from the PIC simulations, a potential
of -350 kV was applied to the cathode while having the anode at zero potential. The
electric field distribution shown in Figure 3.42 shows reflector edges as a potential
concern. For the experimental prototype, the cathode holder, the support rod, the
upstream and downstream reflectors would need to be coated with a material that
would not allow emission to take place (the surfaces need to be anodized). Sharp
edges of all non-emitting surfaces will have to be smoothed and polished.

(a) The electric field plot

(b) The equipotential plot

Figure 3.42: Electrostatic simulation of the MDO with split cathode.

3.6

Conclusion

The main point of this chapter was to understand the behavior of the split cathode
in an MDO and the interaction of the cathode emitters with the anode, SWS, with
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the reflector, and with the reflector rod.
Simulations started with a simple beam in a drift tube and, with every step, a new
parameter was introduced into the system. Results from the simple beam dynamic
were compared to the analytical calculations, and the results were very close. Some
differences were identified because of the imperfection of the simulation models, such
as 1 mm mesh cell size and not ideal infinite magnetic field along the z axis. The
simple beam simulations gave confidence in the PIC code consistency and reliability.
In the next step, the squeezed state of the beam was introduced by introducing
a reflector at the same potential as the cathode. The cathode and reflector created
a spatial region where the potential energy was lowest in the middle, also known
as a potential well. When we observed the beam dynamics in the potential well,
we noticed the electron beam experiences turbulent-like instabilities and organizes
itself in n-fold symmetric formations. Such behavior was later observed in the full
split cathode geometry. The beam did experience partial squeezing, and the beam
was injected into an anode insert section. Most parameters showed nothing interesting, but when the anode section was placed 1 cm away from the cathode tip, the
diocotron-like instability-induced n-fold symmetric formations appeared again.
The last step in the split cathode variation was to introduce the anode insert
with cavities into the system and see how the beam will interact with the SWS. As
expected, the beam formed a mode in the structure for some cases, but with the
variation of the rod radius, the working configuration for the magnetron with the
split cathode was found.
The final PIC simulation showed the full MDO with a split cathode and promising
results of achieving powers of about 50 MW. Upstream and downstream reflectors
will experience electric fields that could be high enough to cause explosive electron
emission from all the surfaces of the split cathode. The experimental version of the
split cathode must have a coating capable of withstanding high electric fields and
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not allowing explosive emission from all surfaces not intended to be emitting.
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Chapter 4
Experimental Results
4.1

Introduction

After completing the analytical and computational designs of the MDO with the
split cathode, the next step was to construct hardware and perform experiments to
compare with the simulations and theory. This chapter focuses on describing the
experimental hardware and the testing process of the MDO with the split cathode.
Additionally, the chapter discusses the experimental results performed with collaborating institutions: The Technion - Israel Institute of Technology and the Naval
Surface Warfare Center (NSWC).

Figure 4.1: Photograph of UNM’s Pulserad accelerator.
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4.2

Description of UNM’s Pulserad

As shown in the previous chapters, the relativistic magnetron requires high input
power to work. Typically, high voltage accelerators are used for HPM production, but
the relativistic magnetron also requires high current. To drive the MDO, the UNM
Pulsed Power, Beams, and Microwaves Laboratory team uses an electron accelerator
based on a Marx generator design called Pulserad by Physics International (PI) [62].
The assembled experimental system is shown in Figure 4.1. The experimental system
has several vital components when working with HPM systems: the accelerator,
which provides the main high voltage pulse to the load, the magnetic system that
creates a uniform axial magentic field in the interaction space of the load, and the
vacuum chamber that the load is attached to. The complete model of the Pulserad
cutout and each of its components are shown in Figure 4.2.

Figure 4.2: CAD model of UNM’s Pulserad accelerator.

73

Chapter 4. Experimental Results

4.2.1

Marx bank

The heart of the PI accelerator is a Marx bank installed in an oil-filled solid container, as shown in Figure 4.3. The Marx bank comprises six stages that contain two
capacitors per stage that are arranged in a dual-polarity configuration.

Figure 4.3: Photograph of the Marx bank inside of the Pulserad.
The Pulserad Marx was designed to be operated with copper sulfate (CuSO4 )
solution resistors. They were replaced with solid state resistors that improved reliability and drastically reduced the maintenance of the accelerator. The gas switches
use pressurized sulfur hexafluoride (SF6 ) gas to control the breakdown voltage and
allow variable voltage ranges of the accelerator operation.
Figure 4.4 presents the circuit diagram of the Marx bank. Every stage consists of
two capacitors C + and C − that are connected to the same ground. Stages are connected in series through two sets of resistors: blue resistors R− connect the negative
voltage side and the red ones R+ connect the positive voltage side. Black resistors
RG connect the grounds of each stage before connecting to the system ground. The
output of the negative side of each stage is connected to the positive side of the next
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stage through high voltage gas switches. Each switch has a trigger plate between the
electrodes and can be triggered independently. Trigger connections of all switches are
connected in series through the switch resistors RSW shown in green. The negative
side of the last stage is the output of the Marx bank.

Figure 4.4: The Pulserad’s Marx bank circuit.
The top view of the mechanical design of the Marx bank is shown in Figure 4.5.
For better demonstration, all colors of the resistors are preserved from the Marx
circuit.

Figure 4.5: CAD model of the Pulserad’s Marx bank. The top view shows the
arrangement of resistors.
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4.2.2

Transmission line

The purpose of the transmission line is to transmit the signal from the Marx to the
load with minimum losses and also to conserve the shape of the pulse. The erected
pulse of the Marx bank has a decaying exponential shape with a very long pulsewidth,
on the order of several 100 µs. Such a shape is unacceptable for effective magnetron
operation and, therefore, the pulse needs to be shaped using a pulse forming line
(PFL) and a peaking switch.

Figure 4.6: A detailed view of the Pulserad’s transmission line.

The Marx bank is connected to the PFL as shown in Figure 4.6. The PFL is
then connected to the transmission line through the peaking switch shown in Figure
4.7(a). The signal from the Marx cannot propagate to the transmission line instantly
and first has to charge the PFL. The geometry of the PFL is chosen to have the
appropriate valuse of capacitance and inductance to shape the pulse.
When the PFL is charged and the voltage on the switch is sufficiently high, the
switch breaks down and allows the pulse to propagate towards the load. The peaking
switch also drastically reduces the risetime of the signal. For example, the risetime
of the Marx is on the order of a ≃ µs, but after the peaking switch, the risetime of
the pulse is only about 4 ns.
Figure 4.7(b) demonstrates the downstream side of the transmission line. The
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challenging part is that all the transmission line components have to be submerged
in transformer oil while the load has to be placed under ultra-high vacuum. These
components match the transmission line and load impedance while maintaining a
physical separation between the oil and the vacuum sides. Components 1−7 in Figure
4.7(b) become very important while trying to simulate the behavior of Pulserad in
SPICE software.

(a) Oil peaking switch

(b) Oil-vacuum interface components

Figure 4.7: A detailed view of the transmission line components.
When compared with PIC codes and the experimental data, the SPICE results
look very close, as shown in Figure 4.8. The gray signals are the experimental data
taken with the A6 MDO and solid cathode, the light blue is the PIC simulation
result for the same load, and the dark blue is the SPICE simulation result.
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Figure 4.8: The simulation of the full Marx with the transmission line and the load.

4.2.3

Magnet circuit

Cross-field HPM devices require a uniform axial magnetic field to insulate the electron
flow. At UNM this is achieved by using a Helmholtz coil pair driven by a high energy
capacitor bank system, as shown in Figure 4.9. The pulsed power system to drive
the coils consists of four high voltage capacitors connected in parallel to increase
the total capacitance and a control circuit. The control circuit takes a laser trigger
signal and converts it into an electric pulse, turning on the discharge thyristors, and
discharging the current from capacitors into the coils and producing the magnetic
field.
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Figure 4.9: Photograph of the pulsed power system that drives the Helmholtz coils.

Figure 4.10: Photograph of the Helmholtz coil pair that is used with the Pulserad
accelerator.
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A photograph of the Helmholtz pair is shown in Figure 4.10 and the two coils are
connected in series. The maximum achievable magnetic field is 0.8 T on bore, which
is sufficient for most experiments.

4.3

Experiments with the MDO and split cathode

The main HPM source we are investigating is the A6 MDO with a split cathode.
The MDO was manufactured in 2013 by Continental Machining in Albuquerque,
NM, and was extensively used and described in [55]. The split cathode for the MDO
had to be designed, manufactured (by Continental Machining), and installed.

(a) The split cathode (pure)

(b) Final split cathode (anodized)

Figure 4.11: Photographs of the freshly manufactured and anodized versions of
UNM’s split cathode.
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The split cathode had to be made of three separate pieces: the emitter holder,
the reflector rod, and the downstream reflector. As described in Section 3.5.2, the
electric field between the anode and the reflector edge is too high when the voltage
pulse reaches its peak. In such conditions, the raw surface of the reflector would
start emitting electrons and disrupt microwave production. To increase the threshold
voltage for explosive electron emission, the cathode body was made of 6061 aluminum
and anodized with a layer of 120-150 µm-thick Al2 O3 . Figure 4.11(a) shows the split
cathode before anodization and 4.11(b) shows it after anodization.

Figure 4.12: Photograph of the electron emitters on the anodized split cathode.

The emitting surface of the cathode was made of 60 individual carbon-epoxy
tubes [63] with a diameter of 0.5 mm and length of 10 mm from the surface of the
emitter holder. A closeup of the cathode emitters is shown in Figure 4.12. The
manufacturing process was not trivial, as the epoxy in the carbon tubes made them
very brittle. When being cut, the emitters would develop cracks in the best case
scenario, as shown in Figure 4.13(a) and would completely shatter in the worst case.
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These cracks, however, were not buffed or polished out because the imperfections
would reduce the work function of the material, increase the emission surface, and
reduce the threshold voltage for electron emission [64].

Figure 4.13: Cathode surfaces under the microscope. a) Carbon tube emission rod,
and b) anodized surface.

The anodized aluminum parts became a very concerning topic. Typically, different aluminum alloys have different maximum oxide layer thicknesses that could
be applied to their surface [65, 66]. Since the cathode parts were machined from Al
6061, the maximum oxide thickness we could have achieved is 120-150 µm. After
the anodization, however, small cracks developed on all surfaces, as shown in Figure
4.13(b). The cracks appeared because of the internal stresses in the oxide layer [67].
Our major concern was the fact that these cracks could act as emission points themselves and become emitters. After the experiments were completed, no damage was
found on the cathode. Finally, the cathode was installed in the MDO and tested.
Figure 4.14 demonstrates the completed experimental setup for the MDO with the
split cathode.
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Figure 4.14: Split cathode installed in the A6 MDO.

4.4

Experimental results

Finally, after describing the experimental tools and the hardware, the experimental
results can be presented. The maximum output pulsewidth of the Pulserad is limited
to 30-40 ns, which cannot fully show the split cathode’s capabilities. Because of
these limitations, similar experiments were also performed in different laboratories:
Charged Particle Beam Laboratory at The Technion with a variant on the MDO, and
at NSWC with a clone of UNM’s MDO. The NSWC experiments used an A6 MDO
identical to UNM’s along with UNM’S identical split cathode. However, NSWC
could produce a much longer region of uniform magnetic field (because of their large
bore cryomagnet) and a significantly longer voltage pulse from their pulser [68]. The
colleagues at The Technion used a somewhat different configuration of magnetron
and split cathode, but the fundamental principle of the split cathode remains the
same.
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4.4.1

UNM results

As shown in Chapter 3, the MDO with split cathode diode has an impedance on
the order of about 1 kΩ. The impedance mismatch between the load and the pulsed
power system creates large reflections in the main pulse, and these reflections affect
the behavior of the system. During the UNM experiments, three types of results
were obtained: 1) RF was generated during the main pulse only, 2) RF was generated
during the reflection only, and 3) RF was generated during the main pulse and the
reflection.
Figure 4.15 presents a summary of the first type of shots. The axial magnetic field
was set at 0.29 T, and the accelerator was charged to achieve an output of 250 kV.
Figure 4.15(a) shows the time vs. amplitude plots of current (green), voltage (red),
and the RF field (blue) detected by a free space D-dot sensor. The peak voltage
of the main pulse shows about 250 kV and the current has an initial spike where
electrons are emitted and then reflected. Later, when electron charge accumulates
in the interaction space, the mode forms and RF is generated. After about 150 ns,
the main pulse drops, yet the current keeps increasing, meaning the electrons are
shorting to the anode. Meanwhile, the load voltage drops because of this short.
Figure 4.15(c) shows a time-frequency plot for this shot, which confirms the idea
that no meaningful frequency is produced from the reflected signal. Figure 4.15(b)
shows the FFT of the signal, which indicates some mode competition in the main
pulse. The RF has two main frequencies at 2.53 GHz and 2.61 GHz, which correlate
with the π mode according to simulations from Section 3.5.3.
The second case is shown in Figure 4.16, where the RF pulse is produced during
the reflection of the voltage pulse.
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Figure 4.15: MDO with split cathode result case 1. (a) Voltage (red), current (green).
and RF (blue) signals as a function of time. (b) FFT of the RF signal. (c) Timefrequency plot of the RF signal.

Figure 4.16: MDO with split cathode result case 2. (a) Voltage (red), current (green),
and RF (blue) signals as a function of time. (b) FFT of the RF signal. (c) Timefrequency plot of the RF signal.
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Similar to the first case, the primary pulse only lasts about 30 ns at 200 kV, but
the RF is produced much later when the reflected voltage reaches 150 kV. In this
case the RF signal exists for 150 ns, which is much longer than the main pulse. The
frequency content, as shown in Figure 4.16 (b), shows less mode competition and
one major frequency at 2.2 GHz. It is suspected that this frequency corresponds to
the

2π
3

mode of the MDO.

Finally Figure 4.17 demonstrates the third case where the RF signal is present
for over 200 ns. Similar to the previous case, electrons do not start the mode at high
voltages and the modulation starts when the reflected voltage drops to about 150
kV. The frequency content suggests some mode competition, but the majority of the
signal is generated at 2.2 GHz.

Figure 4.17: MDO with split cathode result case 3. (a) Voltage (red), current (green),
and RF (blue) signals as a function of time. (b) FFT of the RF signal. (c) Timefrequency plot of the RF signal.

UNM experiments showed some interesting results. The input voltage of the
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major signal was too high in some cases to start the mode, but the frequency content
of the mode was much better on average. In most cases, the reflected voltage signal
was acting as the voltage source and produced much longer RF pulses, but at at the
cost of mode competition.

4.4.2

NSWC results

The pulsed power system in the NSWC laboratory is very different from UNM’s and is
described in [68]. However, the MDO and the split cathode geometries are identical
to those used in the UNM setup and were designed by UNM. NSWC researchers
performed single shot, long pulse experiments as well as shots at 20 Hz repetition
rate.

Figure 4.18: NSWC single shot results.
Figure 4.18 shows a typical result from single shot operation of the NSWC experiments. The pulsewidth of the NSWC driver was set to 150 ns and the maximum
voltage amplitude was set at 200 kV. We can observe similar behavior to the UNM
experiments: during the risetime of the pulse, charge accumulates in the interaction
region, then electrons drift azimuthally and start interacting with the SWS where
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they start generating RF. The frequency of the RF is relatively clean; however, some
mode competition is present.
The second type of experiments researchers at NSWC performed was the 20 Hz
rep-rated tests. Figure 4.19 shows all 20 pulses with a pulsewidth of about 200 ns
and with RF being generated on every single one of them. The signals behave as
described in 4.18; however, some mode competition is present for some pulses.

Figure 4.19: NSWC 20 Hz rep-rated experiments.

4.4.3

Technion results

Researchers at The Technion also performed several experiments with the split cathode. The geometry of their magnetron differed from the UNM A6 MDO, but the
working principle remains the same. The geometry, hardware, and the pulsed power
in the Technion experiments are described in [48, 69]. The first experiments were
performed on a magnetron structure without an output cavity. Figure 4.20 shows
a comparison of different cathodes in the magnetron: solid cathode, solid cathode
with reflector, and finally the split cathode. With the solid cathode without the
reflector, the electric field has low amplitude and is generated during the interval
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25-150 ns, while the input signal is over 300 ns long. This behavior is a sign of high
leakage current in the system. The second case partially resolves this behavior and
the amplitude of the RF is much higher; however, the pulselength of the electric field
is similar to the first case. Figure 4.20(d) shows the input current in the system
increasing while the RF signal decays. This behavior is explained by A − K gap
closure described earlier in Section 2.4.

Figure 4.20: Summary of results from The Technion comparing cathodes: solid cathode (top), solid cathode with a reflector (middle), and the split cathode (bottom).[48]

When the physical cathode is removed from the interaction region, as is the case
for the split cathode, the RF signal exists for the entire duration of the voltage
pulse. The mode looks to be consistent, yet slightly shifting frequencies as time
progresses, as shown in Figure 4.20(i). Figure 4.21 shows the estimated average
microwave power. The results clearly exemplify the advantage of the split cathode
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when compared to the solid cathode for long input pulse operation.

Figure 4.21: (a) The experimental input power (the insert in (a) is an enlarged view
of the time interval 25-75 ns); (b) the average output power for the three cathode
configurations tested [48].

The experiment described above was performed on a magnetron structure with
no output cavity. The electric field was measured inside of one of the cavities using
a B-dot. The next experiment was performed on a magnetron with separated anode
segments and a split cathode [69]. The segmented anode segments facilitated rapid
penetration of a fast magnetic field.
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Figure 4.22: Typical waveforms of the voltage and current for (a) a solid cathode,
(b) split cathode, and the time-frequency plots for the electric field signals in (a) and
(b), respectively [69].

Figure 4.22 shows the electric field that was measured at the magnetron output
and also displays the correlation between microwave generation and the anode current
in the system. As shown before, the split cathode-driven magnetron demonstrates
some frequency shift as the voltage pulses progresses, and this behavior still needs
to be investigated.

4.5

Conclusion

Experiments of the magnetron with a split cathode were performed in three different
institutions with successful results. The UNM hardware is not ideal for these experiments because, despite the fast risetime of the pulser, the total pulsewidth of the
main impulse is too short to illustrate the proper solution of A − K gap shortage.
The high impedance of the MDO with a split cathode calls for some adjustments and
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further testing and looking for a better solution to pulser-load impedance matching.
The NSWC results appear to be more successful because of the longer pulse of
the accelerator as well as extremely long and uniform axial magnetic field. Future
experiments call for even longer pulses to be tested as well as firing the MDO with
the split cathode at even higher repetition rates. (It should be noted that, because
of the very long uniform field region in the NSWC experiments, the split cathode
was essential for operation without suffering output window damage from electrons
streaming along the field lines.)
The Technion results with the split cathode remain to be the most successful.
Not only did the split cathode demonstrably solve the A − K gap closure problem,
but also appears to have very promising results in achieving high electronic efficiency.
In all three cases, the issue of mode competition and some frequency inconsistencies remain to be solved and require deeper understanding of this complex system
dynamics.
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Conclusion and Future Work
5.1

Introduction

The magnetron is one of the most widely used microwave sources in the world. It
can produce a wide range of powers from a few hundred watts to gigawatts. The
process of microwave production has been extensively studied for over 100 years for
the conventional magnetron and for almost 50 years for the relativistic magnetron,
but there is always room for improvement and innovation.
This dissertation presented an extended analysis of a novel magnetron configuration: the MDO with split cathode. This dissertation was organized in five chapters:
1) Introduction, 2) Theoretical Analysis, 3) Simulations, 4) Experimental Results,
and 5) Conclusion and Future Work.
The magnetron is a cylindrical cross-field microwave source which requires electric and magnetic fields to operate. High voltage, applied to the cathode, creates the
radial electric field. When the field exceeds the threshold for explosive electron emission, electrons are emitted from the microscopic protrusions on the cathode surface
and form a thin sheath of plasma. Under the influence of the perpendicular electric and magnetic fields, electrons experience the Lorentz force and drift azimuthally
around the cathode. Rotating electron charges produce the electromagnetic waves
in the cavities of the magnetrons’ SWS. When the phase velocity of the beam and
wave are synchronous, the beam transfers its potential energy to the energy of the
wave, thereby amplifying it. The number of beam-wave interactions is termed the
magnetron operating modes.
Microwave production can occur as long as electrons are interacting with the
SWS. However, because of the explosive emission cathode and anode bombardment
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by electrons producing an ion plasma, A − K gap closure occurs for long pulses.
The typical cathode plasma expansion rate is 1-2 cm/µs, which limits microwave
production with a solid cathode to about 100 ns-long pulses, even if the driving
voltage pulse may be longer.
To overcome the pulsewidth limitation, researchers proposed to remove the solid
cathode and inject the beam into the interaction space from external to the magnetron. To slow the beam and allow it to interact with the SWS, a reflector was
suggested that is connected to the same potential as the cathode. Such a configuration was named the split cathode, which theoretically solved the issue of gap
closure.

5.2

Numerical simulation models

The next step was to develop an understanding of the split cathode physics and its
interaction with the magnetron structure. To establish a baseline for the ultimate
goal, simulations of the magnetron with a solid cathode were presented.
After the baseline has been achieved, simulations of the split cathode were performed. Simulations started with a simple beam in the drift tube and, with every
step, a new parameter was introduced into the system. Results from the simple
beam dynamic were compared to the analytical calculations with very good agreement. Some differences were shown but can be explained by the imperfection of the
simulation models, such as 1 mm mesh cell size and infinite magnetic field along the
z axis. The simple beam simulations gave confidence in the PIC code consistency
and reliability.
In the next step, the squeezed state of the electron beam was studied by introducing a reflector at the same potential as the cathode. These two conductors (cathode
and reflector) created a potential well, a spatial region where the potential energy
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was lowest in the middle. When we observed the beam dynamics in the potential
well, we noticed the electron beam experienced turbulent instabilities and organized
itself in n-fold symmetric formations attributed to a diocotron-like instability. The
same behavior was also observed with the full split cathode in both smooth bore and
full cavity configurations. After introducing the cavities, the proper modes were observed, but the diocotron-like instability was still partially present. This introduced
an interesting correlation between the diocotron “modes” and the cavity modes and
their interaction has yet to be understood.
The final PIC simulations showed the full MDO with a split cathode and promising results of achieving power up to 50 MW. Upstream and downstream reflectors
have rather large sizes inside of the magnetron and the electric field will be sufficiently
high to cause explosive electron emission from all surfaces of the split cathode. The
experimental version of the split cathode must have an aluminum oxide coating capable of withstanding high electric fields and not allowing explosive emission off of
all surfaces not intended to be emitted.

5.3

Experiments

Experiments of the magnetron with the split cathode were performed in three different institutions, with successful results. The UNM hardware is not ideal for these
experiments because, despite the fast risetime of the pulser, the total pulsewidth of
the main impulse is too short to illustrate the proper solution of A − K gap shortage.
High impedance of the MDO with the split cathode calls for some adjustments and
further testing, and looking for a solution to the impedance matching problem.
The NSWC results appear to be more successful because of the longer pulse of
the accelerator as well as extremely long and uniform axial magnetic field. Future
experiments call for even longer pulses to be tested as well as firing the MDO with
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the split cathode at even higher repetition rates.
The Technion results of the split cathode are the most successful to-date. Not only
did the split cathode demonstrably solve the A − K gap closure problem, but it also
appears to have very promising results in achieving high electronic efficiency. In all
three cases, the experimental work was performed successfully and the RF pulse was
much longer than for the case with a solid cathode. Some unanswered questions are
still present, however. In all the experiments, the voltage at which microwaves were
produced is much lower than suggested by the simulations. The power measurements
were not fully considered as they were only approximated by using a D-dot field probe
and this method needs to be further explored and understood.

5.4

Future work

The project of the MDO with split cathode shows great promise and very interesting
physics of the beam-wave interaction, diocotron-like instability, and the solution to
the gap closure problme in the magnetron. The project, however, did produce even
more questions about the beam dynamics for the split cathode. There are two main
points that need to be addressed in future work: split cathode dynamics and their
experimental verification.
The split cathode is a very complicated system that varies spatially as well as
temporally for both the smooth bore and cavity configurations. The diocotron-like
instability in the cavity configuration shows the same behavior as in the smooth bore
case, albeit at different times. The initial beam formation and the accumulation
of charge do not allow the cavity modes to form yet, but the n-fold symmetric
electron flow shapes are present. Later, when sufficient charge accumulates in the
interaction region, the cavity mode takes over. The transition moments were seen in
the simulation, but their physics is unclear. The next step for the simulation work
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would be to explore the smooth bore diocotron-like instability near the Hull cutoff
fields and compare them with the cavity magnetron case.
In terms of experiments, there are two goals to achieve: understand the impedance
mismatch of the split cathode and measure the output power properly. The impedance
of the split cathode MDO is very large when compared to the MDO with solid cathode, which calls for some tuning and optimization work to reduce the pulse reflections. The mode of the output electric field for the MDO with the split cathode is
yet unknown and needs to be understood better.
All points mentioned above will be addressed in future conference and journal
publications.
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